NiFe alloys ranging in composition from Permalloy (Ni 81 Fe 19 ) to Invar (Ni 36 Fe 64 ) exhibit a spectrum of physical properties that have led to the widespread use of these materials in a variety of high technology applications. [1] [2] [3] [4] The recent emergence of microstructure and microsystem fabrication by electroplating through thick patterned molds (e.g., LIGA processing) illustrates the potential for new and challenging NiFe plating applications. For example, many magnetic microactuators and inductors such as solenoids, valves, and cantilevers are fabricated using electrodeposited Permalloy. [5] [6] [7] [8] In addition, electrodeposited Invar structures have been studied for use as servo actuators for magnetic recording heads, an application in which dimensional stability over a wide temperature range is required. 9 The magnetic, mechanical, and corrosion properties of NiFe electrodeposits are dictated by a number of factors including metallurgical structure (e.g., grain size, growth orientation) and alloy composition. 2, [10] [11] [12] In turn, these parameters are affected by processing variables such as plating bath chemistry, pH, and temperature as well as the applied current density and electrolyte mixing conditions at the cathode surface. 2, 13, 14 While bath chemistry, pH, and temperature can usually be controlled, significant variations in current density and electrolyte mixing often occur during plating (especially in patterned molds), leading to nonuniformities in deposit composition. Deposition of NiFe alloys with predictable properties, therefore, depends in large part on understanding the effects of electrode polarization and electrolyte mixing on the composition of the deposit.
NiFe alloys ranging in composition from Permalloy (Ni 81 Fe 19 ) to Invar (Ni 36 Fe 64 ) exhibit a spectrum of physical properties that have led to the widespread use of these materials in a variety of high technology applications. [1] [2] [3] [4] The recent emergence of microstructure and microsystem fabrication by electroplating through thick patterned molds (e.g., LIGA processing) illustrates the potential for new and challenging NiFe plating applications. For example, many magnetic microactuators and inductors such as solenoids, valves, and cantilevers are fabricated using electrodeposited Permalloy. [5] [6] [7] [8] In addition, electrodeposited Invar structures have been studied for use as servo actuators for magnetic recording heads, an application in which dimensional stability over a wide temperature range is required. 9 The magnetic, mechanical, and corrosion properties of NiFe electrodeposits are dictated by a number of factors including metallurgical structure (e.g., grain size, growth orientation) and alloy composition. 2, [10] [11] [12] In turn, these parameters are affected by processing variables such as plating bath chemistry, pH, and temperature as well as the applied current density and electrolyte mixing conditions at the cathode surface. 2, 13, 14 While bath chemistry, pH, and temperature can usually be controlled, significant variations in current density and electrolyte mixing often occur during plating (especially in patterned molds), leading to nonuniformities in deposit composition. Deposition of NiFe alloys with predictable properties, therefore, depends in large part on understanding the effects of electrode polarization and electrolyte mixing on the composition of the deposit.
Numerous NiFe plating bath recipes have been proposed over the past 20 years and the roles of various salts and organic additives have been investigated. 2 Much of this previous work has been directed at understanding the anomalous codeposition phenomena of NiFe. [15] [16] [17] [18] [19] [20] [21] The focus of the present study, however, is not anomalous codeposition, but rather the development and performance characterization of a versatile NiFe plating bath.
The family of plating baths described here are a higher pH and lower total metals analog to the sulfamate/chloride bath used by Grimmett et al. 14, 22 In these earlier studies, the effects of temperature and current waveform (direct, pulsed, and pulse reverse) on the NiFe deposit composition, structure, and mechanical properties were thoroughly investigated using planar and cylindrical electrodes. In the studies described here, we expand on the work of Grimmett et al. in two important ways. First, we consider in detail the role of electrolyte agitation on the deposit composition. Though Grimmett et al. did analyze a number of different hydrodynamic conditions, this was not the focus of their work. Nonetheless, it is well known that the composition of electrodeposited NiFe is very sensitive to electrolyte mixing. 13, 23, 24 Second, we consider an electrolyte that is lower in total metals content and of higher pH than the sulfamate/chloride bath used by Grimmett et al. Plating with this bath ensures high current efficiencies (Ն0.60) for all electrolyte mixing conditions of interest, whereas with the Grimmett bath we often measured current efficiencies as low as 40% when plating thin films onto a platinum substrate. In through-mold plating of high aspect ratio microstructures, low current efficiencies can lead to pit defects in plated parts. 25 In the studies described here, the effects of current density, electrolyte agitation, and Ni ϩ2 /Fe ϩ2 content on deposit composition and plating current efficiency are explored via stripping voltammetry using a rotating ring-disk electrode (RRDE). Due to their many technological applications, specific conditions for electroplating Permalloy and Invar are highlighted. X-ray diffraction (XRD) studies are used to investigate the effects of alloy composition on crystal structure and to illustrate the metallurgical similarities between deposits plated in this study and those made by others.
Experimental
A Pine Instruments RRDE with a platinum disk of radius r 1 ϭ 0.229 cm and concentric platinum ring with inner radius r 2 ϭ 0.246 and outer radius r 3 ϭ 0.269 was used for all electroplating and stripping voltammetry experiments. The RRDE, a large-area platinum mesh counter electrode and a saturated calomel (SCE) reference electrode were used in single-chambered 500 mL electroplating and stripping vessels. A Pine Instruments model MSRX rotator was used to control the steady rotation rate of the RRDE. A Pine Instruments model AFRDE5 bipotentiostat was used to control the disk and ring polarization during plating and stripping. During stripping, disk and ring currents were monitored continuously using a Macintosh Centris 650 personal computer interfaced with the bipotentiostat through a National Instruments 12 bit multifunction A/D board. Disk and ring current acquisition and calculation of the alloy composition were performed using custom software written in the LABVIEW programming environment. the sulfamate/chloride plating bath investigated by Grimmett et al. contained 1.0 M total dissolved metals with a Ni:Fe ratio of 3:1 and was operated at pH 2 at 25 or 54ЊC.
Prior to each plating run, the disk and ring electrodes were cleaned by cyclic potential scanning at 100 mV/s between Ϫ300 and ϩ1300 mV vs. SCE for approximately 15 min in a 0.2 M HCl/0.5 M NaCl electrolyte. After cleaning, NiFe thin films were electroplated galvanostatically onto the disk of the RRDE until a total charge of 500 to 1200 mC had passed, resulting in deposits between 0.6 and 2.1 m thick. During plating, the ring potential was set to ϩ800 mV vs. SCE to prevent metal deposition on the ring. After each plating run, the RRDE was removed from the plating bath, immersed in deionized water, and rotated to prevent contamination of the stripping bath. The RRDE was then submerged in the stripping solution and rotated at a constant rate of 2500 rpm. The disk potential was set to 0 mV vs. SCE to oxidize the alloy, liberating Ni ϩ2 and Fe ϩ2 from the film surface. The ring potential was set to ϩ800 mV vs. SCE to detect Fe ϩ2 via the mass-transfer limited reaction Fe ϩ2 r Fe ϩ3 ϩ e Ϫ . The disk and ring currents were recorded continuously during stripping to allow determination of the deposit composition and plating current efficiency. The average composition of each alloy was calculated from the stripping data using the relationship [1] where X Fe is the average mole fraction iron in the deposit, N is the collection efficiency of the RRDE (N ϭ 0.217), Q R,S is the total charge at the ring during stripping, and Q D,S is the total charge at the disk during stripping. 26 The plating current efficiency, ⑀ p , for deposition of each alloy was determined from coulombic measurements using the relationship [2] where Q D,S is as defined above and Q D,P is the total charge on the disk during plating. The performance of each plating bath was characterized using a wide range of electrolyte mixing conditions and current densities. NiFe alloys were deposited onto the disk of the RRDE at rotation rates of 100, 400, 900, 1600, 2500, and 3600 rpm and current densities of Ϫ20, Ϫ40, Ϫ60, Ϫ80, and Ϫ100 mA/cm 2 . In determination of Permalloy plating conditions, a number of disk rotation rates greater than 3600 rpm and current densities higher than Ϫ100 mA/cm 2 were investigated as well. To facilitate the application of our results to the deposition of NiFe using other plating cells, electrolyte mixing is reported here using a general mass-transfer coefficient, k, which is related to the disk rotation rate through the Levich equation 27
where ⍀ is the rotation rate of the RRDE during plating, D is the diffusivity of the depositing species (here we use 4.7 ϫ 10 Ϫ6 cm 2 /s for Fe ϩ2 as determined in an earlier study 28 ) , and is the kinematic viscosity of the electrolyte (0.011 cm 2 /s). Using the same potentiostat, rotator, and plating bath described above, NiFe alloys were also deposited onto the removable disk of a rotating disk electrode (RDE). Prior to plating, the removable platinum disk electrode (radius ϭ 0.25 cm) was cleaned by cyclic potential scanning and then rinsed with deionized water. The platinum RDE was then placed in a single-chambered electroplating vessel with SCE reference electrode and platinum mesh counter electrode. NiFe alloys were plated onto the RDE using an applied current density of Ϫ20 mA/cm 2 until a charge of approximately 4100 mC had passed, resulting in a deposit 5 m thick on average. Alloys were plated with compositions ranging from 10 to 75 mol % iron. After plating, the platinum disk electrode was removed from the RDE housing and X-ray diffraction patterns for each alloy were recorded
e ϭ 2 using a computer-controlled Philips PW 1830 diffractometer with Cu K␣ radiation. Figure 1 shows a typical stripping voltammogram of an electrodeposited NiFe film. The particular film in Fig. 1 was plated from the 15:1 bath at Ϫ40 mA/cm 2 and k ϭ 0.0024 cm/s (⍀ ϭ 400 rpm), but the general features of the voltammogram are representative of those from the other deposits investigated in the study. The figure shows that the disk current (solid line) rises at the onset of stripping and remains constant as the film is oxidized from the disk. The ring current (dashed line) responds to and mirrors the disk current as Fe ϩ2 liberated from the disk is detected at the ring. At the end of stripping, the disk and then the ring current drops to zero. From the integrated disk and ring currents in Fig. 1 , the average composition of this particular film was determined to be 20 mol % iron using Eq. 1. Figure 2 was constructed from over 150 stripping voltammetry experiments and summarizes the characterization results for all five plating bath formulations. Here the effects of plating current density, electrolyte agitation, and Ni ϩ2 /Fe ϩ2 content on the average deposit composition are illustrated. A number of trends are evident between and within the different plating baths. In all bath formulations, the average mole fraction of iron in the deposit increases with agitation. In some instances, the flow sensitivity is quite significant. Consider, for example, plating with the 10:1 bath. Deposition from this bath at a rate of Ϫ20 mA/cm 2 allows plating of films with an iron composition as low as 27 mol % or as high as 80 mol %. Increase the current density to Ϫ40 mA/cm 2 and the compositions range from 16 to 65 mol % iron. In all conditions shown, the mole fraction of iron is linear with an agitation rate at high current densities, displaying a Levich-like mass-transfer limitation for iron deposition. At lower current densities, however, the flow dependence appears to be controlled by a more complex, coupled kinetic-mass transfer mechanism. These results for the 10:1 bath are consistent with the other electrolyte formulations as well. Figure 2 also illustrates that the effects of agitation vary between the different plating baths. In general, the baths with relatively more iron in solution (e.g., the 5:1 and 10:1 baths) are more sensitive to flow than the baths containing less iron (e.g., the 20:1 and 25:1 baths).
Results and Discussion
The composition of the deposit and the flow sensitivity of the process are also strongly affected by the plating rate. Under constant mass-transfer conditions, the average mole fraction of iron in the deposit decreases with an increase in applied current density. Without exception, this trend is observed in each one of the five different plating baths. For instance, consider plating from the 10:1 bath with k ϭ 0.0048 cm/s. Deposition using a current density of Ϫ20 mA/cm 2 results in an average composition of 71 mol % iron whereas deposition at Ϫ100 mA/cm 2 results in a film with an average iron composition of 24 mol %. The applied current density also has a direct effect on the flow sensitivity of alloy composition. In general, the sensitivity of deposit composition to electrolyte flow increases as the current density is reduced. While the flow-induced range in composition is roughly 53 mol % when plating at Ϫ20 mA/cm 2 from the 10:1 bath (i.e., 80 mol % iron at k ϭ 0.0072 cm/s vs. 27 mol % at k ϭ 0.0012 cm/s), the composition range is only 30 mol % when plating at Ϫ100 mA/cm 2 and the same mixing conditions. This general characteristic is observed in all the plating bath formulations except the 5:1 bath, which seems to exhibit significant flow sensitivity at all current densities.
The plating current efficiencies of the five different baths are relatively high, with higher current densities leading to higher efficiencies, as is commonly observed. 13, 29 Figure 3 summarizes the effects of bath agitation, current density, and dissolved metals ratio on the measured plating efficiency of NiFe deposition from the sulfamate/chloride bath. In general, the plating efficiency varies from 0.60 to 0.95 for the conditions investigated here. Between the different baths, the efficiencies were quite similar for films plated under identical conditions. For example, the plating efficiency is 0.77 for deposition at Ϫ20 mA/cm 2 and k ϭ 0.0036 cm/s using both the 5:1 and 25:1 baths. Plating at Ϫ100 mA/cm 2 results in efficiencies consistently above 0.90, regardless of the bath used. Within any given bath, the efficiency increases with increased current density and decreases with increased bath agitation, consistent with mass-transfer limited hydrogen evolution. The combination of high current densities and plating efficiencies results in relatively fast deposit growth. For the range of conditions investigated here, the film growth rates varied between 17 and 110 µm/h. In general, the deposits were bright and reflective and adhered well to the platinum substrate. In addition, under no plating conditions were the deposits observed to peel or crack as a result of internal stress.
Even though the plating bath chemistries differ, the metallurgical characteristics of deposits made in this study are quite similar to those made by Grimmett et al. Figure 4 shows a series of XRD patterns from alloys plated at Ϫ20 mA/cm 2 over a wide range of compositions. At low iron compositions, the alloy exhibits a (111) growth orientation with a significant (200) reflection as well. The intensity of the (200) peak decreases with increasing iron composition and disappears entirely between 55 and 60 mol % iron; the transition between the face-centered cubic (fcc) and body-centered cubic (bcc) crystal lattice. Above 60 mol % iron, the deposit is completely bcc with a (110) texture. The phase transition starting at 50 mol % iron is consistent with the results of Grimmett et al. for dc plating under similar hydrodynamic and polarization conditions (cf. Fig. 8 in Ref. 14) .
Another indication of the structural similarities between the alloys plated here and those made by others is the measured lattice parameter. The lattice parameters of the alloys plated here are nearly identical to those determined by Grimmett et al. for dc plated films. Figure 5 shows the relationship between the lattice spacing and the composition of alloys plated at Ϫ20 mA/cm 2 . For deposits with compositions less than 55 mol % iron, a steady increase in the 
fcc lattice parameter is evident as the iron composition increases. After the fcc/bcc phase transition, the lattice parameter decreases (due to two atoms per unit cell in the case of bcc as opposed to four atoms per unit cell in the case of fcc), the bcc lattice parameter increases with iron composition (except for the outlier at 70 mol % iron). These trends and calculated values for the lattice parameter for both the fcc and bcc crystal lattice are nearly identical to those determined by Grimmett et al. as well as for thermally prepared NiFe alloys of similar composition (cf. Fig. 10 in Ref. 14) .
The results shown in Fig. 2 and 3 illustrate the versatility of plating with the sulfamate/chloride bath. For plating applications in which high sensitivity to mixing and/or current density is desirable, a number of different bath formulations can be used. As an example, consider the deposition of pulse-plated or flow-induced NiFe composition modulated alloys (CMAs). Deposition of these alloys requires a bath in which the deposit composition is fairly sensitive to polarization and/or mixing conditions. Depending on the extent of composition variation desired in the alloy, an appropriate plating bath recipe can be determined based on Fig. 2 . For example, flowinduced NiFe CMAs with moderate composition variations (i.e., in excess of 30 mol %) have been plated and characterized using the 20:1 bath recipe presented here. 30 Based on Fig. 2 , it appears that deposition (either pulsed or flow-induced) of NiFe CMAs with an even greater composition variation than 30 mol % is possible using the 10:1 bath recipe. In fact, it appears that one could deposit NiFe CMAs from this bath using either pulsed or flow-induced techniques in which the composition would vary between 27 and 80 mol % iron.
In many applications, however, it is undesirable to plate NiFe with such extreme compositional sensitivity to flow and current distribution. In the fabrication of NiFe microstructures by deposition through patterned molds, for instance, the desired alloy composition is often quite specific, such as Permalloy or Invar. [5] [6] [7] [8] [9] In general, plating uniform NiFe microstructures is challenging due to unavoidable and significant variations in current density and electrolyte mixing across the patterned cathode. [31] [32] [33] [34] While the extent of current variations and mixing nonuniformities can often be minimized, these nonuniformities nearly always exist. Given the sensitivity of NiFe deposit composition to electrolyte mixing and current density, the engineering challenge becomes one of developing plating baths in which deposit composition is relatively insensitive to polarization and mass-transfer conditions. Of the baths discussed here, it is clear that the formulations with less dissolved iron (i.e., 20:1 and 25:1) are the most promising for this type of application, although these baths are less flow and polarization sensitive only at higher current densities (Ϫ60, Ϫ80, and Ϫ100 mA/cm 2 ) and over a narrow range of deposit compositions.
For applications in which current density and electrolyte mixing are well controlled (or at least understood to some extent), specific operating conditions and plating bath recipes for deposition of Permalloy and Invar are summarized in Fig. 6 . In Fig. 6 A, specific current density and electrolyte mixing conditions for plating Permalloy from the 10:1, 15:1, 20:1, and 25:1 baths are reported. A number of processing conditions can be used to plate Permalloy, and depending on the polarization and mixing conditions present in the plating apparatus, one set of conditions may be preferable to another. The 15:1 bath is the most robust of the four presented; Permalloy can be plated from this bath over a wide range of current densities and mixing conditions. The highest Permalloy plating rates are achieved using this bath. Deposition at Ϫ160 mA/cm 2 , for example, results in a deposition rate of nearly 160 m/h. In through-mold plating of microstructures, however, exact control of current density and mass transfer in high aspect ratio features is often not possible. Thus, to plate Permalloy microstructures, the 25:1 bath would likely be the best choice given its relative insensitivity to variations in current density and electrolyte mixing conditions. This bath is capable of high rate plating as well, with a maximum deposit growth rate of approximately 120 µm/h achieved using a current density of Ϫ120 mA/cm 2 . High plating rates may be desirable when plating microstructures of significant thickness such as 500 or 1000 m. Figure 6B illustrates the different baths and plating conditions that can be used to deposit Invar. Of the five plating baths developed for this study, three can be used to plate Invar, but only one offers flexibility in applied current density and mixing rates, the 5:1 bath. This bath can be used to plate Invar at rates between 20 and 108 m/h over a range of mass-transfer conditions from k ϭ 0.0012 to 0.0072 cm/s. The specific conditions used to plate Invar from this type of bath should be determined by the performance specifications of the deposit. For example, the grain size (and, thus, the magnetic and mechanical properties) of electrodeposited materials is in part dependent on the current density used during plating. 35 For any Figure 4 . X-ray diffraction patterns for a number of NiFe films plated at Ϫ20 mA/cm 2 . For deposits with iron content less than 50 mol %, the crystal structure is fcc and exhibits a (111) orientation with a strong (200) reflection. For iron compositions greater than 60 mol %, the alloy is bcc with a (110) growth texture. A mixed fcc/bcc phase exists for 50 < mol % iron < 60. Reflections from the platinum substrate are labeled (*).
Figure 5.
Relationship between lattice parameter and alloy composition for NiFe films plated at Ϫ20 mA/cm 2 . The lattice parameter increases with increasing iron composition for both the fcc (᭺) and bcc (᭹) crystal lattice.
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given application, therefore, the deposition conditions used to plate Invar from this bath should be chosen such that structural characteristics such as grain size are optimized so that the desired material properties are obtained.
Conclusions In this study, we have expanded on previous work to develop a nickel sulfamate/iron chloride plating bath. Using a systematic experimental approach, we have characterized the performance of a NiFe plating bath that is both versatile and robust. The plating bath characterization provides specific recipes and operating guidelines for deposition of alloys with a wide range of compositions. Specific conditions for depositing two industrially important alloys, Permalloy and Invar, at a variety of growth rates are reported. Results of the study are presented in a general form that can easily be applied to plating NiFe alloys in any other plating apparatus with well understood current distribution and electrolyte mixing characteristics. It is our goal that the well-defined relationships between applied current density, electrolyte mixing, and deposit composition detailed in this study can be used by others to tailor a wide range of NiFe alloy compositions to meet specific needs. In future work, we plan to apply the results of the bath characterization study to through-mold electrodeposition of NiFe microstructures. 
